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INTRODUCTION
The mechanisms responsible for the ejection of atoms from a surface as the result of ion bombardment have long been a subject of study [1] . A puzzling sputtering phenomenon is the emission of small clusters of several to tens of atoms for irradiations with individual ions or atomic clusters [2, 3] . In situ observations of hole [4] and surface crater [5, 6] creation by single Xe ion impacts during irradiation of Au foils has stimulated the present study of Au sputtering. Craters, as large as 11 nm in diameter with an average size of 3.3 run, were produced at a rate of approximately 0.03 craters/Xe for ions in the energy range 50 to 400 keV. A few craters had lids attached to their rims, and large clusters of adatoms occasionally appeared on the surface. In an effort to determine whether clusters were emitted in association with single ion impacts, we have directly observed the collection of Au sputtered from thin films using in situ transmission electron microscopy (TEM). Examples of nanoparticle by single ion impact were observed.
EXPERIMENTAL
Ion irradiations were carried out in a Hitachi H-9000 transmission electron microscope (TEM), operating at 300 keV, located at the IVEM/Accelerator Facility located at Argonne National Laboratory [7] . The ion beam is oriented 30°from the microscope axis, and the specimen was tilted 15°towards the ion beam so that both ions and electrons were incident on the specimen at 15°to the foil normal. Room temperature irradiations were made with 50 to 600 keV Xe+ ions at dose rates between 1 and 2x1011 ions/cm2/s. Thin Au films were made by evaporation of 99.999 at. % pure starting material onto NaCl at a temperature of 350°C. The Au had a <100> surface normal, and the thickness was determined by Rutherford back scattering to be 62 nm. All specimens were obtained from the same piece of Au covered NaC1. Small pieces of Au were floated on a water alcohol mixture and picked up on either Au or Cu TEM grids. Some specimens for transmission sputtering experiments were picked up on Cu disks having a 1000 nm hole. No holes or thin areas were found in the Au foils before or after irradiation. In the worst case, sputtering thinned the specimen by 7 nm during the 200 keV Xe irradiation. During the transmission sputtering experiment at 50 keV, the specimen was thinned by 5.7 nm. This degree of specimen thinning has little effect on the experimental results.
Carbon films, approximately 20 nm thick, on Cu grids [8] were used to collected sputtered material. During reflection sputtering experiments, the ion beam penetrated the carbon foil before striking the specimen. Ion energy loss in the carbon foil was calculated using the Monte-Carlo computer code TRIM [9] , and has been accounted for in presentation of our results. TRIM calculations indicate that in both experimental geometries all sputtered Au was stopped in the near surface region of the carbon foil, and the maximum amount of carbon injected into the Au specimen was less than 0.3 at. %. At the low Au coverages achieved on the collector foils, resputtering of collected Au is not a concern. The total amount of Au deposited on a collector foil, either on the surface or incorporated within the carbon collector foil, was determined after irradiation by x-ray energy dispersive spectroscopy (EDS) in a JEOL 1OO-CX electron microscope using the intensity of the Au~peak. A 27 nm thick Au foil (as measured by Rutherford back scattering).
In both experimental geometries the carbon collector foil and the gold film were approximately 40p apart. By adjusting the specimen height in the TEM it was possible to view either the carbon foil or the gold film with the other contributing an out-of-focus background to the image. In this way, the gold accumulated on the collector foils could be observed with a resolution of approximately 1 nm. TEM images were recorded both, during irradiation, with a Gatan 622 video camera and image-intensification system and, during interruption of the irradiation, on photographic film. The video images were recorded with a time resolution of l/30th second (a single video frame).
RESULTS and DISCUSSION
The transmission and reflection sputtering yields as functions of Xe ion energy are shown in Figure 1 for the 62 mn Au film. EDS measurement after completion of a Xe irradiation yielded the amount of Au collected on the carbon foils. Similar observations and measurements were made at all ion energies used. Measurements from in situ recordings, based on the fraction of the image of the collector foil covered by AL indicate that the Au accumulation increases approximately linearly with ion dose at the low ion doses used. The ion energies plotted in figure 1 for reflection sputtering have been corrected for ion energy loss in the carbon collector foil located in front of the specimen. Also shown for comparison in Figure 1 are experimental results for Au self ion sputtering [10, 11] and calculations of the reflection sputtering yield for Xe, made using the theory developed by Sigmund [12] .
The yield for reflection sputtering of Au by Xe exhibits a maximum at ion energies between 200 and 400 keV. The yield for self-ion sputtering also has a broad maximum above 200 keV. The maximum in the reflection sputtering yield with increasing ion energy is due to increasing ion penetration and reduced energy deposition at the surface. Although theoretical estimates were a factor of two too low, the maximum for self ions was attributed to nonlinear effects arising from cascade spikes [1] .
Transmission sputtering increases with increasing Xe energy over the range studied due to increasing energy deposition near the back surface of the thin fii. A ftite amount of transmission sputtering, 0.04 Au/Xc, was detected for 50 keV Xe ions. Energy deposited at the back surface of the specimen depends on Xe ions or recoiling Au atoms reaching the back surface of the specimen. Even though sputtering removed about 5.5 nm from the bombarded surface, 50 keV Xe ions are not expected to penetrate to the back surface of the specimen. Even channeled 50 keV Xe ions are not expected to contribute to transmission sputtering. Damage production and ion range simulations, made with TRIM [9] , predict that for the film thickness used there should be negligible transmission sputtering for Xe ions with energies less than 100 keV. In this regard, TRIM calculations differ from our experimental sputtering energy dependencies. This effect has been previously reported for 700 eV Xe irradiation of very thin Au [13] . These authors proposed long range focused collision sequences or atomic replacement collision sequences that propagate along close packed <111> directions to the <100> back surface with sufficient energy to cause ejection of Au atoms. 
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Ex, (keV) Accumulation of sputtered Au onto a carbon collector foil is illustrated in Figure 2 for a 400 keV Xe bombardment. This area of the collector foil was directly under the Au foil. Au was not found on sections of the collector foil for which the Au specimen was obscured by the specimen mount. These images were recorded on video during 400 keV Xe irradiation and were made by averaging four video frames immediately before or after the arrival of a particle. Because the Xe ions used in this geometry first passed through the carbon collector foil, they struck the Au foil with a mean energy of approximately 336 keV. Clearly for this specimen thickness and ion energy there is greater reflection sputtering than transmission sputtering, however Au collection on the carbon foil during transmission sputtering is clearly visible.
In sifu viewing and video recording during irradiation reveals that particles were ejected from both the irradiated and back surfaces. Figure 2 shows an examples of a small (2 nrn) and a larger (5 nm) particles each of which arrived during 400 keV Xe irradiation in reflection geometry. The arrivals were separated by 6.5 seconds during which the probability for one ion to arrive in the field of view is 0.4. Each arrived during the 1/30 second behveen recording of video frames. Particle sizes range from our detection limit on the carbon foil of 1 nm to about 7 nm with more small particles than large ones. It is uncertain that rill particles stick to the collector foil, however no particles were observed to disappear once deposited on the foil. It was not possible to determine the size distribution with sufilcient accuracy, however the average particle size (i.e.. particles with sizes above the resolution limit of 1 nm) is on the order of 3 nm. This is consistent with the average crater size of 3.3 nrn [6] . Once deposited on the collector foil isolated particles did not migrate. The particles were subsequently incorporated into Au deposited on the carbon film and were indistinguishable after the irradiation. The incorporation at high doses of particles into existing Au islands makes any observation difficult and in situ observations a requirement. Particles are ejected from both surfaces by ions with energies of 200 keV or greater. The rates of particle arrival on the carbon foil for 200 keV Xe ions are 0.0089 in reflection and 0.0024 in transmission geometries. The uncertainty in measurement of the particle emission rates is about 20 %. At 200 keV, the rate from the back surface is 27% of the rate from the irradiated surface. In comparison, the transmission sputtering rate is 30% of the reflection sputtering rate. These numbers are within experimental uncertainty and suggest that particle emission makes the same contribution to the total sputtering yield in both geometries. The ratio of particle ejection to sputtering is 2 x 10-4 (particles/Xe)/(Au/Xe). Using an average particle 3 nrn in diameter, particle emission contributes approximately 15 % to the total sputtering yield for Xe ions.
In situ viewing and recording of the Au surface during irradiation [6] reveals that the impact of individual Xe ions produces craters, as large as 11 nm in diameter and with average diameter of 3.3 nm. Craters are produced on both surfaces at a rate of approximately 0.03 craters/ion. A small fraction of craters have lids attached to their rims. Such lids are a likely source of ejected particles. A lid is thought to arise from the pressure and temperature spike that occurs when a heavy ion deposits significant energy a small distance below the surface [16] . If the molten core of a displacement spike does not directly erupt through the surface, the highly localized pressure could result in the ejection of a plug of solid material resulting in a crater with an associated lid or an ejected particle if sufficient momentum is imparted to the lid. Even if a lid is not directly ejected, a second ion impact within the crater lifetime, approximately 2 seconds at these dose rates, could cause a weakly attached lid to become detached from the surface. Since the observed craters are produced on both surfaces, the ratio of particle emission to cratering was calculated by dividing the sum of particle emission form both surfaces by the observed cratenng rate. Asuming that a crater can emit only one particle, the probability for a single Xe ion to eject a particle is on the order of 0.18 particles/crater.
Regardless of the absolute production rate, the fact that particles are emitted is significant to the physics of sputtering and surface topology evolution during irradiation. This effect will be important whenever there are dense cascades near a surface. It is interesting to note that the total sputtering rate for self-ion irradiation of Au is significantly higher than for Xe ions or predictions by linear cascade theory. It is expected that dense energy spike production, and hence the cratering rate, will be higher for self ions than for Xe ions. The difference in total sputtering yield may arise from a higher rate of particle emission.
MD simulations of a 20 keV recoil at the surface of Au [14] suggest that craters form by a melt-flow mechanism. In these calculations and those for cluster-ion impacts by Betz [15] , small groups of atoms can be emitted from the surface in conjunction with crater formation. Association of particle ejection with crater formation suggests that particles would be ejected whenever an irradiation results in dense, energetic displacement spikes near a surface. Examination of individual ion impacts, calculated by a modified version of TRIM [9] , indicate that particles are ejected from cascades located within about 5 nm of the surface that have energy densities required for local melting [16] .
CONCLUSIONS
Reflection and transmission sputtering yields have been determined for Xe ions impinging onto Au. Transmission sputtering was detected at energies well below those at which ions are capable of penetrating to the back surface of the specimen. The ejection of particles as large as 7 nm was recorded. 200 keV Xe ions eject particles at a rate of approximately 9 x 10-3 particles/ion from the irradiated surface. Particle emission correlates with crater formation and contributes significantly to the total sputtering rate at all ion energies. Both particle emission and cratering are a consequence of dense, near surface cascades.
